Abstract. The interaction between a turbulent fountain and its stratified environment was studied. A heavy fluid, cold water, was injected vertically upwards into a linearly stratified medium. The round heavy-fluid jet reaches a maximum height before it begins to fall due to the effect of gravity. Because of the effects of friction and mixing, the vertical momentum and density of the jet fluid decrease as it submerges to an intermediate height of zero buoyancy. At this point, the jet fluid spreads as a horizontal front, intruding into the stratified environment. The degree of fluctuation in the proximity of the injection point was studied under both unrestricted-and restricted-flow configurations at the injection, using two differently sized stainless-steel woven-wire screens at the injection port as flow-restricting means. Using visualization and velocimetry techniques, both maximum and spreading heights were found to decrease with increasing turbulence at the point of injection.
Introduction
Frosts significantly impact agriculture and food production worldwide. Broadly, frosts may be classified as either advection or radiation frosts. Advection frosts result from the passage of a cold, dry polar air mass over a delimited area. Although these frosts have devastating effects, they are extremely infrequent in temperate regions. In contrast, radiation freezing occurs in temperate regions -on clear, still winter or spring nights-tens of times yearly. A high frequency of radiation frosts results in considerable economic losses due to crop failure, the late spring frosts being especially harmful. The damage resulting from freezing depends on both exposure time and temperature. Temperatures below a sharp limit result in severe crop damage, with nearly all the vegetable tissues of temperate crops being virtually damaged within a couple of hours at -2 ºC [1] . Under radiation frost conditions, the Earth's surface cools by radiation through the atmosphere, which is semitransparent to long-wavelength electromagnetic radiation. Once the surface temperature has decreased below that of the surrounding air, the latter cools down by radiation and, to a lesser extent, by turbulent convection and molecular conduction. The lower layers of atmospheric airwithin a few tens of meters of the ground-are subject to cooling at a rate decreasing with altitude. Under these conditions, air temperature increases with altitude through the lower atmospheric layers. Moreover, the stratified structure of lower atmospheric air is stabilized as the lowest layers are the coldest and therefore the densest ones. In this situation, referred to as temperature inversion, the atmosphere can be ideally represented as a vertical succession of strata -i.e. horizontal layers of atmospheric air-of increasing density with increasing proximity to the Earth's surface.
Several strategies, such as the installation of heaters, sprinklers, and even the use of helicopters, may be adopted to reduce damages resulting from radiation frosts; yet, all these solutions have serious drawbacks. Another commercially available alternative, the Selective Inverted Sink (SIS) [2] operates by selective withdrawal of the densest (coldest) air layer. This device ejects cold air upward through a source nozzle, supplying the required mechanical power. The cold-air jet not only expels (air from the earth's surface) but also entrains and suctions fluid from the horizontal layers it runs through. It is estimated that the volumetric flow-rate of the jet doubles every three orifice diameters away from the nozzle [3] .
Although the usefulness of the SIS may come as a surprise, its suitability for the mitigation of radiation frosts has been advocated [1, 2] . With a view to contributing to the improvement of SIS design, a laboratory model was here studied. A relationship was established between the maximum height reached by an upward jet of cold air in a temperature-stratified medium and the turbulence structure of the jet stream.
Turbulent fountains.
A fountain is usually defined as a jet in which the buoyancy force acts -as a result of the temperature difference between the jet fluid and the environmental fluid-in the opposite direction to that of the jet velocity. In view of the multiple applications of light-fluid jetsi.e. where the density of the jet fluid, at ground level, is lower than that of the environmental fluid-, they have been more widely studied than heavy-fluid jets. However, several important applications of the latter include selective withdrawal, desalination plants, and the replenishment of magma chambers [4] [5] [6] [7] [8] [9] . The here-studied SIS model also constitutes an example of heavy-fluid jets.
The upward ejection of dense fluid through a nozzle placed at the base of a tank produces the desired fountain [5] [6] [7] . The fluid inside the container has a stable stratification and a density lower than or equal to that of the jet fluid. The jet entrains the environmental fluid into the initial upflow, and the fountain radius increases as the jet fluid density decreases with height. The momentum of the rising fluid decreases as a result of the opposing buoyancy force until it comes to a halt at an initial height. The downflow forming at the upper end of the fountain reduces the fountain height to a final valueon account of turbulent interaction with the upflow-and mixes with the environmental fluid.
In a homogeneous environment, the falling fluid always remains denser than the environment, and the flow spreads across the base of the tank. However, in a stratified medium the final density of the downflow depends strongly on the strength of the environment stratification. Any entrainment of environmental fluid from intermediate strata reduces the density of the downflow to equal that of the environment at some point at an intermediate height. At this point, the downward flow still has some momentum, so a small overshoot is formed before it finally intrudes into the environment. The thickness of the resulting outflow is comparable to the spreading height near the fountain axis but quickly decreases with increasing radial distance.
Whenever a jet fluid has negative buoyancy at the base of a tank containing a stably stratified fluid, the behaviour of the fountain flow lies between that of homogeneous and stratified media. In this work, experimental results describe the dependence of the jet evolution on the turbulence level at the point of injection. A description of the jet flow obtained by PIV is also provided.
Experimental setup and visualization techniques
The experimental setup shown in Fig. 1 , comprises a prismatic container whose lateral walls consist of 1.5 cm-thick acrylic panes of 40 cm in width and 100 cm in height. The bottom and top walls consist of thermostated aluminium plates of 1.0 cm in thickness.
In order to ensure a constant inlet flow, feed water was discharged from an elevated tank, keeping the feed water level constant by means of an overflow system (Fig. 1, top left) . Feed water, running by gravity through a pipe from the feed tank to the inlet port, was injected through a nozzle located at the container bottom. The water flow-rate at the inlet was measured (McMillan 101-8 flow meter) and controlled by means of a valve. The container was initially full of water. A vent was fitted in the top wall to allow the outflow of excess water from the container. Digital Particle Image Velocimetry (DPIV) was used to determine the velocity field and characterize the turbulence intensity, by application over a small area immediately above the point of injection. Both the environmental and the jetted fluid were appropriately seeded with 50 m diameter μ polyamide particles. The fluid was illuminated by means of a 500 mW green laser sheet of 2.0 mm in thickness. Images were captured by a PULNIX (TMC-6740GE) camera at 500 fps and processed in MatLab using a standard algorithm.
A dying technique was used in order to analyze the overall motion of the fluid, and to visualize its intrusion into the stratified medium, as well as measure the height at which the fluid starts to spread laterally (point of zero buoyancy) after reaching its maximum altitude. The images were captured under uniform illumination by means of a PIXELINK (PL-A741) camera.
Turbulence generation
Once the jet passes through the different mesh screens, the flow develops appreciable disorder. In order to study these fluctuations, several images were taken within a small region in close proximity to the point of injection. Images of the jet flow were taken along the length of its axis, starting a couple of centimetres from the injection point. A plot of mean vertical velocity profiles at different heights is shown in Figure 3 for the three studied configurations. Mean velocity was determined over 4-second intervals. 
Characterization of the jet in the stratified medium
The evolution of a turbulent jet -dyed with KMnO4-injected into a stratified medium was studied for the unrestricted-flow and the 80-mesh restricted-flow configuration. Images of the entire container volume were taken by means of a CCD camera at 4 fps under bright, uniform illumination. Four different stages of the jet development are shown in Figure 7 . Initially, the jet intruded into the stratified environment (Figure 7a ) and became less dense as it warmed. It continued to rise until it reached its maximum height (Figure 7b ), whence it submerged to an intermediate height at which its density (temperature) equalled that of the environment (Figure 7c) , before finally spreading laterally (Figure 7d ). The power input required by the above-described SIS relates to the kinetic energy flux and, thus, to the third power of the reference velocity at injection point. Figures 8 and 9 suggest that a given spreading height may be reached using a lower momentum at injection point provided the turbulence intensity at the device outlet is reduced accordingly, resulting in a significant reduction in power input. A similar effect should be expected from a reduction of the swirl at the point of injection, an issue not addressed in this work.
Finally, the radial position of the spreading front as a function of time is illustrated in Figure 10 . Since the flow rate was kept constant during all runs, the restricted and unrestricted flow configurations led to similar results. 
Conclusion
Results here reported show that both the maximum height reached by a heavy-fluid jet as well as its spreading height decrease with increasing degree of turbulence at the point of injection. These results suggest that the generation of turbulence at the injection point may affect the efficiency of systems like the SIS. The inclusion of stationary or rotating blades or other mechanical device may lead to reduced jet turbulence, resulting in lower power requirements of the jetting machine without otherwise affecting the performance of an SIS.
